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Neuronal outgrowth occurs via coordinated remodeling of the cytoskeleton involving both actin and micro-
tubules. Microtubule stabilization drives the extending neurite, yet little is known of the molecular mechanisms
whereby extracellular cues regulate microtubule dynamics. Bone morphogenetic proteins (BMPs) play an
important role in neuronal differentiation and morphogenesis, and BMP7 in particular induces the formation
of dendrites. Here, we show that BMP7 induces stabilization of microtubules in both a MAP2-dependent
neuronal cell culture model and in dendrites of primary cortical neurons. BMP7 rapidly activates c-Jun
N-terminal kinases (JNKs), known regulators of microtubule dynamics, and we show that JNKs associate with
the carboxy terminus of the BMP receptor, BMPRII. Activation and binding of JNKs to BMPRII is required
for BMP7-induced microtubule stabilization and for BMP7-mediated dendrite formation in primary cortical
neurons. These data indicate that BMPRII acts as a scaffold to localize and coordinate cytoskeletal remodeling
and thereby provides an efficient means for extracellular cues, such as BMPs, to control neuronal
dendritogenesis.
Neurons are highly polarized cells comprised of a single long
axon, which transmits signals, and multiple shorter dendrites,
which are specialized to receive signals. This polarized prop-
erty of neurons allows for the establishment of appropriate
connections within the central nervous system and ensures
unidirectional signal propagation (15, 52). Dendrite formation
is critical for normal mammalian brain function, including cog-
nition and memory formation, and dendritic abnormalities
closely correlate with mental retardation and underlie the
pathology of a number of central nervous system disorders,
including Down’s, Rett, and Fragile X syndromes and lis-
sencephalies (28, 30). Although the importance of dendrite
morphology is easily appreciated, the signaling mechanisms
by which dendrites develop have only recently begun to be
identified (2, 4, 5).
Neurite outgrowth occurs as a result of coordinated remod-
eling of the neuronal cytoskeleton involving actin and micro-
tubules (25). In general, neurite outgrowth occurs as a result of
local actin instability in the growth cone and coordinated mi-
crotubule stabilization that allows microtubules to protrude
their dynamic ends more distally (52). Extracellular growth
factors have the ability to regulate the cytoskeleton by activat-
ing signaling pathways that change the activity, localization,
and stability of cytoskeletal regulators (16). However, the mo-
lecular mechanisms by which extracellular factors modulate
microtubule stability during dendrite formation remain un-
clear. c-Jun N-terminal kinase (JNK) is a member of the mi-
togen-activated protein kinase family with a well-documented
role in the regulation of gene transcription, cell death, and
survival (9, 50). In the nervous system, JNKs have essential
functions in the brain during development, neurite formation,
regeneration, and memory formation (27, 47). Moreover, ac-
cumulating evidence now suggests that JNK is directly involved
in the regulation of the cytoskeleton, particularly in maintain-
ing the stability of microtubules by controlling the phosphory-
lation of microtubule-associated proteins (MAPs). Indeed,
JNK1/ mice display a decrease in MAP1B and MAP2 phos-
phorylation and microtubule stability (8, 12) and, in cultured
neurons, JNK-dependent phosphorylation of SCG10 and dou-
blecortin (DCX) contributes to neurite formation (24, 44).
Bone morphogenetic proteins (BMPs) are members of the
transforming growth factor  (TGF-) superfamily of ligands
that are crucial in numerous steps during the differentiation
and morphogenesis of the central and peripheral nervous sys-
tem in vertebrates (33, 40). BMP7 signaling in particular in-
duces the formation of dendrites in cultured sympathetic,
cerebral cortical, and hippocampal neurons (29, 39, 51).
BMPs transduce signals by binding type I and type II Ser/Thr
kinase receptors and regulate transcription through the intra-
cellular signaling mediators, Smads (3, 22). The BMP type II
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receptor (BMPRII) in vertebrates and the Drosophila or-
tholog, Wit, are unique among the receptors, being comprised
of a long carboxy-terminal extension that is dispensable for
Smad signaling (1, 22, 36). Mice lacking BMPRII display em-
bryonic lethality prior to gastrulation (7), and mutations in the
carboxy-terminal tail region are associated with primary pul-
monary hypertension, indicating a function in the vascular sys-
tem (18, 19). In addition, a role for this receptor in neurons has
been well established. BMPRII is highly expressed in brain-
derived tissues (13) and is localized to the tips of cortical
dendrites (32). The BMPRII carboxy-terminal tail is particu-
larly important for neuronal activity and has been shown to be
essential for BMP7-dependent dendrite outgrowth in cortical
neurons (32), nerve growth cone steering of Xenopus spinal
neurons (49), and for synaptic stability in Drosophila (21). LIM
kinase 1 (LIMK1), which phosphorylates the actin depolymer-
izing factor (ADF)/cofilin, binds to a region of the BMPRII tail
to mediate BMP7-induced remodeling of the actin cytoskele-
ton and dendrite formation (23, 32).
Neurite outgrowth requires remodeling of both actin and
microtubules, but whether BMPs regulate microtubule net-
work dynamics is unknown. We demonstrate here that BMP7
activates JNK and thereby induces microtubule stabilization in
neuronal cells. Moreover, we show that JNK binds to the
carboxy-terminal tail of BMPRII and that this binding is re-
quired both for microtubule stabilization and for BMP7-in-
duced dendritogenesis in primary cortical neurons. Given that
BMPRII also binds the actin regulator, LIMK1, these findings
indicate that BMPRII-mediated scaffolding of diverse cy-
toskeletal regulators serves to localize both actin and microtu-
bule remodeling complexes, thereby facilitating BMP-depen-
dent dendrite formation.
MATERIALS AND METHODS
Dendritogenesis in primary cortical neurons. Primary cortical neurons were
isolated and infected with recombinant adenoviruses as previously described
(32). For JNK inhibitor studies, cells were transfected with a green fluorescent
protein (GFP)-expressing plasmid using Lipofectamine 2000 (Invitrogen) at 3
days in vitro (DIV). At 24 h posttransfection, neuronal cultures were treated with
either a chemical JNK inhibitor, SP600125 (Calbiochem), at 20 M or a cell-
permeable peptide inhibitor of JNK, L-JNKI1 (Alexis Biochemicals), at 0.5 and
0.75 M and cultured in the presence or absence of BMP7 for 48 h. The number
of primary dendrites in GFP-expressing neurons that costained with Map2 (ab)
antibody, which recognizes the Map2 isoforms specifically expressed in dendrites,
was quantitated by blinded counting of at least 20 neurons per treatment con-
dition.
Immunofluorescence microscopy and quantitation. Primary cortical neurons
were fixed as previously described (32). Cells were analyzed with a Zeiss inverted
microscope equipped with fluorescence optics. Images of neurons were taken
with a charge-coupled device camera (Hamamatsu Photonic Systems) and ana-
lyzed with Velocity imaging software (Improvision). For nuclear Smad accumu-
lation, infected neurons were stained with polyclonal phospho-Smad1,5,8 (Cell
Signaling) antibodies. For BMP-dependent JNK activation, neurons were
stained with polyclonal phospho-JNK1,2 (Biosource) antibodies, imaged with a
Leica TCS Sp2 confocal microscope equipped with fluorescence optics and
multi-photon lasers (Spectral Physics, California), and analyzed with Leica TCS
confocal software. The levels of P-JNK and JNK at the tips of dendrites were
determined using Velocity (Improvision) by measuring pixel intensities of images
immunostained with anti-phospho-JNK1,2 (Biosource) and anti-JNK1,2 (BD
Biosciences) antibodies. The pixel intensities were then divided by the median
calculated from the values determined for all dendrites in cells cultured in the
absence of BMP7. Dendritic tips were then divided into categories based on the
fold difference over the value of the median. The percentage of dendrite tips in
each category is plotted as a percentage of the total.
Constructs and vectors. BMPRII and its mutant derivatives were subcloned
into pCMV5 for mammalian cell work, into pGEX4T1 for bacterial expression,
and into pAdTrack-CMV shuttle vector containing GFP (Q-Biogene) for ad-
enoviral infections. All constructs were generated by PCR or were previously
described (32). BMPRII and ALK2 were Renilla luciferase-tagged for LUMIER.
Flag-JNK1, Flag-JNK2, Flag-JNK3, and Flag-LIMK1 were subcloned into
pCMV5 from previously described vectors (32, 37). GFP-MAP2 was previously
described (8).
Biochemical assays and antibodies. Immunoprecipitation, immunoblotting
and glutathione S-transferase (GST) pulldown assays were conducted as de-
scribed previously (20, 31). Antibodies used were anti-JNK (Cell Signaling,
catalog no. 9252), anti-phospho-JNK (Cell Signaling, catalog no. 9251), and
anti-Actin (Sigma). Analysis of interactions between Renilla luciferase and Flag-
tagged proteins was performed using manual LUMIER (6, 38, 41, 45).
MAP2-dependent protrusion formation in N1E115 cells. N1E115 mouse neu-
roblastoma cells were transfected with GFP-MAP2 using Turbofect (Fermentas),
treated with BMP7, and fixed with 4% paraformaldehyde in phosphate-buffered
saline at 24 h after ligand addition. For JNK inhibitor studies, cells were pre-
treated with a chemical JNK inhibitor, SP600125 (Calbiochem), at 5 M or a
cell-permeable peptide inhibitor of JNK, L-JNKI1 (Alexis Biochemicals), at 2
and 5 M for 30 min prior to BMP7 addition.
Microtubule stabilization assays in corticals. Primary cortical neurons were
incubated with nocodazole (Sigma) at 5 M in the presence or absence of BMP7
for 1 h. The cells were then fixed with methanol at 20°C and stained with
monoclonal anti-Ace-tubulin (Chemicon) and anti-Tyr-tubulin (Sigma) antibod-
ies, which stain stable and dynamic MT, respectively. For quantification of
BMP-dependent microtubule stabilization, the length of stable microtubules in
dendrites as detected by anti-Ace-tubulin antibodies was expressed as a percent-
age of the total length of dendritic microtubules as detected by anti-Tyr-tubulin
antibodies. For cortical neurons infected with BMPRII adenoviral constructs
coexpressing GFP, cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline prior to incubation with 20°C methanol and then stained with
anti-Ace-tubulin (Sigma) antibodies. The length of stable microtubules (Ace
MT) in dendrites was expressed as a percentage of total dendrite length (GFP
staining).
RESULTS
BMP7 enhances microtubule stability in dendrites of pri-
mary cortical neurons. Neurite outgrowth requires coordi-
nated remodeling of the actin and microtubule cytoskeleton
(25). BMP signaling induces dendrite formation in primary
neurons, and we showed previously that BMP7 modulates the
actin cytoskeleton (32). Since microtubules are key architec-
tural components of dendrites and are important for neurite
formation (15), we sought to determine whether BMP signal-
ing might also regulate the microtubule cytoskeleton. Den-
dritic microtubules of neuronal cells are intrinsically stable;
thus, we incubated cortical cultures with the microtubule de-
stabilizing agent, nocodazole, in the presence or absence of
BMP7 for 1 h and then measured the extent of stabilized
microtubules. Microtubules were visualized by immunostain-
ing with antibodies to acetylated tubulin (Ace MT) to detect
the stabilized microtubules and with antibodies to tyrosinated
tubulin (Tyr MT) to detect total length of microtubules (Fig.
1A). The percentage of stable microtubules in dendrites was
then determined by expressing the total length of stable mi-
crotubules as a fraction of total microtubule length in all den-
dritic protrusions. In nocodazole-treated cells coincubated
with BMP7, an increase in microtubule stabilization in cortical
dendrites was observed, with more than 35% of cells displaying
a high degree of stabilized microtubules (40% and up) com-
pared to 0% of cells treated only with nocodazole (Fig. 1B). No
change in the total length of microtubules (Tyr MT) in cells
coincubated with BMP7 was observed (data not shown). Thus,
these results show that BMP7 signaling can rapidly promote
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microtubule stabilization in dendritic protrusions of cortical
neurons.
BMP7 promotes MAP2-dependent protrusion formation in
N1E115 cells. N1E115 cells are mouse neuroblastoma cells
that are sensitive to BMPs, as measured by induction of Smad1
phosphorylation (data not shown), but do not form neurites in
response to BMP7. MAPs bind to and regulate microtubule
dynamics (8, 12, 24, 44) and overexpression of MAP2 induces
neurite-like extensions in cells that otherwise do not form any
processes (11, 43). Thus, we next examined the effect of BMP7
on MAP2-dependent protrusion formation in N1E115 cells.
Consistent with previous reports (11, 43), cells expressing
GFP-MAP2 display an increase in protrusion formation (Fig.
2A), and these protrusions are comprised of stabilized micro-
tubules (see Fig. S1 in the supplemental material). Upon
BMP7 stimulation, the number of protrusions/cell increased,
and quantitation of the number of GFP-MAP2-positive pro-
cesses revealed that the number of protrusions was enhanced
with 54% of BMP7-treated cells with two or more protrusions
versus 30% in controls (Fig. 2B). These results indicate that
BMP7 can induce microtubule stabilization that results in
MAP2-dependent protrusion formation and suggests the pos-
sibility that BMP7 may signal to MAP2 to mediate this effect.
BMP7-induced JNK activation is required for MAP2-depen-
dent protrusion formation in N1E115 cells. Phosphorylation of
MAPs plays a key role in regulating microtubule dynamics (8,
12, 24, 44) and JNKs are cytoskeletal regulators that control
the stability of microtubules by regulating the phosphorylation
of MAPs (8, 12, 24, 44). Previous reports have demonstrated
that the induction of neurite-like extensions in MAP2 overex-
pression models is enhanced upon JNK activation (8). Thus,
we next sought to determine whether the activity of JNKs is
regulated by BMP7 in N1E115 cells. Consistent with this
possibility, immunoblotting of total cell lysates revealed that
treatment of cells with BMP7 increased endogenous JNK
phosphorylation as early as 10 min after ligand addition, and
this remained elevated for up to 30 min (Fig. 3A). Given
that BMP7 signaling activates JNK, we next determined
whether this activation is required for BMP7-induced MAP2-
dependent protrusion formation. For this, we used a chemical
JNK inhibitor, SP600125, and a cell-permeable peptide com-
prised of the JNK binding domain of JIP-1, L-JNKI1 (10). This
analysis revealed that the JNK inhibitors abolished BMP7-
induced MAP2-dependent protrusion formation (Fig. 3B to
D). Collectively, these results indicate that BMP7 can rapidly
activate JNK and that JNK activation is required for BMP7
induced MAP2-dependent protrusion formation in N1E115
cells.
BMP7 induces JNK activation in primary cortical neurons.
BMP7 induces dendrite formation in primary neurons (29, 39,
51) and can activate JNKs in N1E115 cells; thus, we next
investigated whether JNKs have a role in BMP-dependent
dendritogenesis. For this, we first determined whether BMP7
treatment alters JNK phosphorylation and/or subcellular dis-
tribution in embryonic cortical neurons by immunofluores-
cence microscopy. The cells were counterstained with a Map2
(ab) antibody, which recognizes Map2 isoforms specifically
expressed in dendrites. In control cells, phospho-JNK staining
was occasionally observed in the tips of dendrites (Fig. 4A).
However, in cells treated with BMP7 for 5 min, an increase in
phospho-JNK staining at dendrite tips was observed. Quanti-
tation of Map2 (ab)-positive dendrites revealed that BMP7-
treated cells have an increased number of phospho-JNK-pos-
itive tips. Specifically, 77% of BMP7-treated cells contained
three to eight phospho-JNK-positive tips compared to 40% of
untreated cells (Fig. 4B, right). Time course analysis demon-
strated that BMP-dependent JNK activation peaked at 10 min
after ligand addition (Fig. 4C). Thus, JNK is subject to rapid
activation by BMP7 in primary cortical neurons and activated
JNK can be detected in the tips of neurites of primary neurons.
FIG. 1. BMP7 affects microtubule stability in dendrites of primary
cortical neurons. (A) Primary cortical neurons were incubated with
nocodazole (5 M) in the presence or absence of BMP7 for 1 h. The
microtubules were visualized by immunofluorescence microscopy us-
ing antibodies to acetylated (Ace MT) and tyrosinated (Tyr MT) mi-
crotubules. As seen in the inset images, the length of stable microtu-
bules in dendrites (a and b) was expressed as a percentage of total MT
length (a and b). Scale bar, 20 m. (B) The percentage of cells in
each category based on stable MT content (40%-up, 20 to 40% or 0 to
20%) is plotted as a percentage of total. Shown are the means  the
standard errors of the mean (SEM) of three independent experiments
with at least 20 cells analyzed per condition (P  0.05 [Student t test
for the 40% and up category]).
FIG. 2. BMP7 induces MAP2-dependent protrusion formation in
N1E115 cells. (A) N1E115 cells transfected with GFP or MAP2-GFP
were incubated in the presence or absence of BMP7 for 24 h. Scale bar,
50 m. (B) The percentage of cells in each category based on the
number of protrusions formed (0 to 1 and2 protrusions) is plotted as
a percentage of the total. Shown are the means  the SEM of three
independent experiments with at least 20 MAP2-negative and 70
MAP2-positive cells analyzed per condition (P  0.001 [Student t
test]).
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We also examined BMP-induced JNK activation in dendritic
tips of cells that were costained with antibodies to detect total
JNK. The levels of P-JNK and JNK at the tips of dendrites
were quantitated from immunostained images (Fig. 4D), and
the fold change over the median in control cultures was deter-
mined. This analysis revealed that levels of P-JNK at dendritic
tips increased, with over 45% of BMP7-treated cells having a
P-JNK intensity 2-fold higher than the median versus 15% in
controls (Fig. 4E). In contrast, the levels of total JNK were
unchanged (Fig. 4E). These results are consistent with a model
in which BMP7 induces activation of localized JNK rather than
promoting JNK recruitment to dendrite tips.
BMP7-induced JNK activation in primary cortical neurons
is required for dendrite formation. To determine whether JNK
was required for BMP7-dependent dendrite formation, we ex-
amined the effects of JNK inhibitors, SP600125 and L-JNK1I,
in primary mouse cortical neurons. For this, cells were trans-
fected with a GFP encoding adenoviral vector to facilitate the
visualization of dendrites (Fig. 5A) and dendrite formation
determined in GFP-positive cells counterstained with Map2
(ab) antibody (data not shown). In cultures stimulated with
BMP7, we observed a statistically significant (P  0.0001)
increase of 30 to 40% in the number of dendrites formed
compared to control cells, a finding similar to our previous
observations (32). However, in cells incubated with the JNK
inhibitors, BMP-dependent dendrite formation was completely
abolished (Fig. 5B and C). Overall, these results indicate that
BMP7 rapidly activates JNK and that JNK activity is required
for BMP-dependent dendrite formation. Given that JNK acti-
vation is required for BMP-induced protrusion formation in a
MAP2-dependent model of microtubule stabilization, alto-
gether our results suggest that JNKs play a key role in medi-
ating BMP7-induced microtubule stabilization in established
cell lines and in primary neurons.
JNK associates with the tail of BMP type II receptor,
BMPRII, via two JNK binding regions, JBR-A and JBR-B.
To better understand how JNKs might mediate BMP effects,
we sought to determine where in the BMP pathway JNKs
might act. BMPs initiate signaling by binding and inducing
formation of type I and type II Ser/Thr kinase receptors (3, 22).
The BMP type II receptor, BMPRII, has a 512-amino-acid
carboxy-terminal tail downstream of the kinase domain, and
we previously showed that this tail is required for BMP7-
induced dendrite formation (32). Using a yeast-two-hybrid
screen with JNK as bait, we identified the tail of BMPRII as an
interacting partner (data not shown), suggesting that JNK
binding to BMP receptors may be linked to the requirement
for JNK in BMP-induced dendritogenesis. To examine this
possibility, we first determined whether JNK physically inter-
acts with BMPRII in mammalian cells using the LUMIER
method (6, 38, 41, 45). Lysates from COS-1 cells transfected
with Flag-JNK and BMPRII-Renilla luciferase (BMPRII-
RLuc) were subjected to anti-Flag immunoprecipitation,
and associated BMPRII-RLuc was detected by measuring
luciferase activity. An interaction between BMPRII and all
three JNK isoforms, JNK1, JNK2, and JNK3 was observed
(Fig. 6A and B and data not shown).
Analysis of the tail for consensus JNK binding sites (9)
identified two putative JNK binding regions (JBR) spanning
amino acids 754 to 760 and amino acids 938 to 944, encoding
RPTSLPL and RPNSLDL, which we termed JBR-A and
JBR-B, respectively (Fig. 6B, top). Of note, these pairs of
FIG. 3. BMP7-induced JNK activation is required for MAP2-dependent protrusion formation in N1E115 cells. (A) BMP7 induces endogenous
JNK activation in N1E115 cells. The levels of phosphorylated JNK were determined in N1E115 cell lysates treated with BMP7 at various times
and visualized by immunoblotting with anti-phospho-JNK1,2 antibody. Total levels of JNK and actin were determined by immunoblotting. (B to
D) JNK inhibition blocks BMP7 induced MAP2-dependent protrusion formation in N1E115 cells. N1E115 cells transfected with MAP2-GFP were
treated with JNK inhibitors, SP600125 at 5 M in dimethyl sulfoxide (DMSO) (C) or L-JNK1I at 2 and 5 M (D), incubated in the presence or
absence of BMP7 for 24 h, and analyzed as shown in Fig. 2B. Shown are the means  the SEM of two (C) and three (D) independent experiments
with at least 50 cells analyzed per condition (P  0.05 [Student t test for both panels C and D]). Scale bar, 50 m.
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consensus JNK binding sites are conserved in diverse species,
including flies (see Fig. S2 in the supplemental material). To
determine whether these regions mediate JNK binding to
BMPRII, the ability of JNK expressed in COS-1 cells to interact
with bacterially expressed BMPRII tail was examined. Dele-
tion of either JBR-A or JBR-B decreased BMPRII interaction
with all JNK isoforms tested (Fig. 6B, left), whereas deletion of
both JNK binding regions, JBR-AB, completely abolished the
interaction between JNK and BMPRII (Fig. 6B, right). In
contrast, the interaction of LIMK1, a known BMPRII-tail
partner (23, 32), was retained in BMPRII mutants lacking
JBR-A, JBR-B, or both (Fig. 5B). JBR-A was located within
the region we previously defined as the LIMK1 binding domain
(amino acids 751 to 813) (32); however, with further mapping
experiments, we refined the LIMK1 binding region (LBR) to
amino acids 784 to 813 (Fig. 6B and see Fig. S3A in the
supplemental material).
The interaction of JNK with JBR deletion mutants of
BMPRII in mammalian cells was also examined in COS-1 cells
using the LUMIER method. As expected, we observed a de-
crease in JNK interaction with BMPRII lacking either JNK
binding region JBR-A or JBR-B, and a loss of interaction with
the BMPRII mutant lacking both JNK binding regions,
JBR-AB (Fig. 6C). Similar results were observed by immuno-
precipitation and immunoblotting with HA-tagged JNK1 and
Flag-tagged BMPRII (Fig. 6D). Specifically, JNK was immu-
noprecipitated from COS-1 cells with full-length BMPRII but
not with JBR-AB. Of note, the kinase-deficient mutant of
FIG. 4. BMP7-induced JNK activation in primary cortical neurons is required for dendrite formation. (A) BMP7 activates endogenous JNK at
the tips of dendrites. Primary cortical neurons were incubated with BMP7 for 5 min (A and B) or for 5, 10, 30, and 60 min (C), and the localization
of phosphorylated JNK was visualized by immunofluorescence microscopy using phospho-JNK1,2 primary antibody and Alexa Fluor 488-
conjugated secondary antibody. Representative P-JNK positive and negative tips are indicated with solid and open arrowheads, respectively. Map2
(ab) (to mark dendrites) was detected using Map2 primary antibody and Alexa Fluor 546 secondary antibody. Scale bar, 20 m. (B and C) The
number of phospho-JNK-positive neurites in each MAP2-positive neuron was determined and is plotted as a percentage of total. Shown are
the means  the SEM of three independent experiments with 40 to 50 neurons analyzed per condition (P  0.05 and  0.01 [Student t test] for
the 6 category for panels B, right, and C, 0 to 5 min, respectively). (D and E) BMP7 enhances P-JNK but not total JNK levels at the tips of
dendrites. Primary cortical neurons were incubated with BMP7 for 10 min and phosphorylated, and total JNK was visualized by immunofluores-
cence microscopy using anti-phospho-JNK1,2 and anti-JNK1,2 antibodies. The levels of P-JNK and JNK at the tips of dendrites were quantitated
by measuring pixel intensities of immunostained images, and the fold change over the median of all dendrites analyzed from the cultures
maintained in the absence of BMP7 was determined. Dendritic tips were divided into categories based on the fold differences over the value of
the median:  the median, 2-fold over median, and 	2-fold over median. The percentage of dendrite tips in each category is plotted as a
percentage of total. Shown are the means  the SEM of two independent experiments with at least 20 cells analyzed (P  0.05 [Student t test]
for the 	2-fold over the median category in P-JNK). Scale bar, 20 m.
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BMPRII (BMPRII KR) interacted with JNK, as well as the
wild-type receptor (Fig. 6D). Immunoprecipitation of en-
dogenous JNK from COS-1 cells also showed JNK associa-
tion with full-length BMPRII but not with JBR-AB (Fig. 7A).
Moreover, the association of endogenous JNK with the JNK
binding regions within the BMPRII tail was also confirmed in
the neuroblastoma-derived N1E115 cells by GST pulldown
assay (Fig. 7B). Immunoblotting with anti-phospho-JNK anti-
bodies revealed that phosphorylated, and thus activated, JNK
was capable of associating with BMPRII (Fig. 7B). Overall,
these results demonstrate the presence of a cluster of kinase
binding sites in the BMPRII tail, including one for LIMK1, a
regulator of the actin cytoskeleton, and two for JNK located on
either side of the LIMK1 binding region.
Since BMP ligands signal by inducing formation of a het-
eromeric receptor complex comprised of type I and type II
Ser/Thr kinase receptors, we next examined whether JNK can
interact with this complex. Lysates from COS-1 cells trans-
fected with Flag-JNK2, BMPRII-HA, and the BMP type I
receptor, ALK2 tagged with Renilla luciferase (ALK2-RLuc),
were subjected to anti-Flag JNK2 immunoprecipitation, and
associated ALK2-RLuc was detected by measuring luciferase
activity. This analysis revealed that JNK does not interact with
ALK2 when ALK2 is expressed alone (Fig. 7C). However, in
cells coexpressing the BMP type II receptor, BMPRII, which
forms a complex with ALK2, an association between JNK and
ALK2 was observed. Moreover, this interaction was enhanced
by BMP7 treatment (Fig. 7C). These results indicate that JNK
binds to the carboxy-terminal tail of BMPRII and can remain
bound in the context of a BMP7-induced type I and type II
containing heteromeric receptor complex.
BMP7-induced dendrite formation and enhancement of mi-
crotubule stability is dependent on JNK binding to BMPRII.
To examine whether the binding of JNK to BMPRII is specif-
ically required for BMP-stimulated dendritogenesis, primary
cortical neurons were infected with adenoviruses encoding
BMPRII, together with a GFP marker, and dendrite formation
was determined in GFP-positive cells (Fig. 8A) counterstained
with Map2 (ab) (data not shown). As previously observed,
BMP7 induced an increase of 40% (P 0.0001) in the number
of primary dendrites. Overexpression of wild-type BMPRII
slightly increased the basal number of primary dendrites, and
this was enhanced upon BMP7 stimulation to a level similar to
that in controls. In contrast, expression of the JNK-binding
mutant of BMPRII (JBR-AB) completely abolished the
BMP7-induced increase in dendrite formation (Fig. 8B). This
effect is not due to disruption of Smad1 activation as BMP7-
induced Smad1 nuclear accumulation was retained in cortical
neurons overexpressing the JNK-binding mutant of BMPRII
(JBR-AB) (see Fig. S4 in the supplemental material) and is
consistent with previous work showing that the BMPRII tail is
dispensable for Smad1-dependent transcriptional responses
(34). Thus, BMPRII JBR-AB acts in a dominant-negative
manner to block dendrite formation, thereby indicating that
the association of JNK with the tail of BMPRII is required for
dendritogenesis.
We next determined whether binding of JNK to the tail
region of BMPRII is required for BMP7-induced microtubule
stabilization. For this, cortical neurons were infected with ad-
enoviral constructs containing full-length BMPRII (BRII FL),
and two dominant-negative constructs, a BMPRII mutant lack-
ing the entire tail region (BRII tail) and BMPRII lacking
only the two JNK binding regions (BRII JBR-AB). The
extent of microtubule stabilization in dendrites in nocodazole-
treated cells coincubated with or without BMP7 was then de-
termined. The length of stable microtubules detected by anti-
Ace-tubulin antibody was expressed as a percentage of total
microtubule length as detected by GFP staining. In nocoda-
zole-treated GFP control cells, BMP7 increased microtubule
stabilization (Fig. 8C) and a similar effect was observed in
BMPRII-expressing cells. However, in cells overexpressing
BMPRII that lacks the entire tail region (BRII tail), or the
JNK binding regions alone (BRII JBR-AB), there was a loss
of the BMP7-induced microtubule stabilization in dendritic
protrusions (Fig. 8C). Thus, BMP7 signaling regulates micro-
tubule stabilization in dendritic protrusions of cortical neu-
rons, and the binding of JNK to BMPRII tail is required for
this effect.
Taken together, our results show that BMP7 activates JNK
in the tips of dendrites, that BMP signaling regulates microtu-
bule stabilization, and that the binding of JNK to the BMPRII
carboxy-terminal tail is required for BMP-induced microtubule
stabilization and dendritogenesis in cortical neurons. Since
BMPRII also binds LIMK, we propose a model in which
BMPRII-mediated scaffolding of cytoskeletal regulators, includ-
ing JNKs and LIMK, facilitate rapid rearrangement of the
cytoskeletal network to promote dendritogenesis in response
to extracellular BMP cues (Fig. 8D).
FIG. 5. Inhibition of JNK blocks BMP-dependent dendrite forma-
tion. (A) Primary cortical neurons expressing GFP were incubated
with the JNK inhibitors, SP600125 at 20 M in dimethyl sulfoxide
(DMSO) or L-JNK1I, at 0.5 and 0.75 M in the presence or absence
of BMP7 for 48 h after 4 DIV. The number of dendrites per neuron in
GFP-positive cells (A) that costained with the dendrite-specific Map2
(ab) antibody (not shown) was determined. (B and C) Fold changes
in dendrite numbers relative to the unstimulated GFP empty control
are shown with 30 to 40 neurons analyzed per condition. Shown are the
means  the SEM of three (B) and two (C) independent experiments
(P  0.0001 and P  0.05 [Student t test] for panels B and C, respec-
tively). Scale bar, 20 m.
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DISCUSSION
BMP signaling controls many crucial steps in the develop-
ment of the vertebrate central nervous system by acting at
different stages and in various regions to regulate cell fate,
proliferation and differentiation (33, 40). The BMP type II
receptor, BMPRII, in vertebrates as well as the Drosophila
ortholog, Wit, are highly expressed in neuronal cells and play
key roles in neuronal morphogenesis (1, 21, 32, 36, 49). Previ-
ous work has shown that an extrinsic growth factor, BMP7,
signaling through BMPRII modulates the actin cytoskeleton to
promote dendrite formation in neurons via direct binding of
LIMK1 to the cytoplasmic tail of BMPRII (32). Here, we
demonstrate that BMP7 also regulates another architectural
component of dendrites, the microtubule network. We show
that BMP7 activates JNK to regulate microtubule stabilization
in primary cortical neurons and, using a MAP2-dependent
model of cytoskeletal remodeling, that BMP7-induced JNK
activation is required for protrusion formation in a neuronally
derived cell line. Moreover, we show that activation of the
microtubule regulator, JNK, and the binding of JNK to
BMPRII is required both for microtubule stabilization and
for BMP7-induced dendritogenesis. We conclude that the
interaction of JNK with BMPRII is essential for BMP7-
dependent stabilization of microtubules, an activity that is
essential for driving dendritogenesis.
Microtubules are key architectural components of dendrites
and are important for neurite formation (15). Although many
cytoskeletal regulators have been identified, the molecular
FIG. 6. JNK, associates with the tail of BMP type II receptor, BMPRII via two JNK binding regions, JBR-A and JBR-B. (A) Cell lysates from
COS-1 cells transfected with Flag-JNK1,2 and BMPRII-Renilla luciferase (BMPRII-RLuc) were subjected to anti-Flag immunoprecipitation, and
associated BMPRII-RLuc was detected by measuring the luciferase activity. Total BMPRII-RLuc levels were measured from total cell lysates.
(B) A schematic representation of GST fusion constructs of the BMPRII tail is shown. Cell lysates from COS-1 cells transiently transfected with
Flag-JNK1,2,3 or LIMK1-Flag were incubated with bacterially expressed GST fusion proteins encoding various BMPRII deletions. Interactions
were visualized by anti-Flag immunoblotting. Levels of GST fusion proteins were confirmed by Coomassie blue staining (bottom). (C) Cell lysates
from COS-1 cells transfected with Flag-JNK1 (top) or Flag-JNK2 (bottom) and BMPRII-RLuc full length (FL), JBR-AB, JBR-A, and JBR-B,
were subjected to anti-Flag immunoprecipitation, and associated BMPRII-RLuc was detected by measuring luciferase activity. The data were
corrected to total BMPRII-RLuc levels measured from total cell lysates. The total levels of Flag-JNK were visualized by anti-Flag immunoblotting.
(D) Cell lysates from COS-1 cells transfected with HA-JNK1 and BMPRII-Flag full length (FL), AB, or kinase dead (KR) were subjected to
anti-Flag immunoprecipitation, and associated JNK1 was detected by anti-HA immunoblotting.
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mechanisms by which extracellular factors modulate microtu-
bule stability are not well understood. Here, we show that
BMP7 promotes microtubule stabilization in neurons. Al-
though not previously reported in vertebrates, a role for BMP
signaling in the regulation of the microtubule cytoskeleton has
been described in Drosophila. Specifically, Thickveins (Tkv), a
type I receptor for the BMP-like ligand, DPP, was shown to
contribute to the maintenance of axonal and neuromuscular
junction microtubules (48), as well as apical microtubule arrays
in the wing imaginal disc (26). Although the downstream ef-
fectors were not elucidated, these data, coupled with our re-
sults, suggest a broadly conserved role for BMP-like signaling
pathways in microtubule stabilization. Dynamic assembly and
disassembly of microtubules is controlled by a variety of MAPs,
and MAPs, such as MAP2, MAP1B, DCX, and SCG10, are
subject to phosphorylation that controls their ability to bind
and stabilize microtubules (8, 12, 24, 44). Although not much
is known about how this phosphorylation is regulated, JNK has
been shown to be essential for MAP phosphorylation and
neuronal microtubule dynamics (8, 12, 24, 44). Indeed, we used
a MAP2-dependent model of cytoskeletal remodeling to dem-
onstrate that BMP7-induced JNK activation induces protru-
sion formation and microtubule stabilization. Although this
indicates that MAP2 is a likely downstream effector of the
BMP/JNK pathway, other JNK targets such as DCX that reg-
ulate microtubule stability may also be involved.
Dynamic microtubules explore the growth cone and search
for sites of stabilization during neuronal outgrowth (15), but
how this localized microtubule stabilization is regulated is not
clearly understood. Our initial attempts to detect BMP7-de-
pendent JNK activation by immunoblotting of total cell lysates
from primary cortical neurons were unsuccessful. However,
BMP7-dependent JNK activation was readily detected in the
tips of primary cortical neurons when analyzed by immunoflu-
orescence microscopy, while no increase in total JNK levels in
tips was detected. The simplest interpretation of these data
leads to a model of compartment specific activation of JNK by
BMP7. Consistent with this, a requirement for JNK activation
in the cytosol and not in the nucleus has been shown to be
required for appropriate dendritic length and branching in
cultured neurons (14). Our biochemical analysis demonstrated
that JNK interacts with BMPRII, independent of BMPRII
kinase activity, indicating that prior receptor complex activa-
tion is not required for JNK binding. In addition, we showed
that JNK remains bound to the BMPRII/ALK2 receptor com-
plex after activation by BMP7. Moreover, deletion of the JNK
binding regions in the tail of BMPRII, an approach that leaves
endogenous JNK unperturbed, abrogated BMP7-induced mi-
crotubule stabilization and dendrite outgrowth, clearly indicat-
ing that specific binding of JNK is essential for dendritogen-
esis. Given that BMPRII is localized at the tips of neurites in
cortical neurons (32), these results together suggest a model in
which BMPRII functions as a scaffold that binds JNK and that
anchoring of JNK to the cytoplasmic tail of BMPRII provides
a means to spatially restrict BMP7-dependent JNK activation
(Fig. 8D). We speculate that this allows for a confined regu-
lation of MAP phosphorylation that results in localized micro-
tubule stabilization that can serve to promote neurite out-
growth. The molecular pathway whereby BMP7 activates JNK
and whether BMPRII-binding independent paths to JNK ac-
tivation may exist remain to be determined. Interestingly, high
levels of the JNK scaffold, JIP (17), and activated JNK (42)
have been reported in axons. Since microtubule stabilization is
particularly important for axon formation (25, 52, 53), it would
be interesting to determine whether BMPs, via regulation of
JNK activity, also contribute to microtubule stability in axonal
processes. Studies of this as well as the potential relevance of
BMP/JNK pathway in non-neuronal cells are intriguing areas
for future investigations.
It has become increasingly clear that dynamic reorganization
of both the actin and the microtubule cytoskeleton requires
spatial and temporal control and, even more importantly, that
functional coordination of these two networks is essential dur-
ing neuronal morphogenesis (25, 52). Indeed, a key role for
scaffolding proteins that function to modulate both the micro-
tubule and the actin cytoskeleton to regulate neurite outgrowth
and dentritogenesis has emerged (46). LIMK1 associates with
the BMPRII tail and allows for local actin cytoskeletal remod-
eling by modulating the activity of ADF/cofilin (32). Here, we
demonstrated that the microtubule cytoskeletal regulator,
JNK, also associates with the tail of the BMPRII receptor in a
region that is in close proximity to the LIMK binding site.
Interestingly, the dynein-associated protein Tctex-1, a regula-
tor of the cytoskeleton that is involved neurite outgrowth, has
been reported to bind to BMPRII (35). Since BMPRII is
localized to the tip of neurites in primary neurons (32), it is
FIG. 7. JNK binds to the BMP receptor complex via BMPRII.
(A) Lysates from COS-1 cells transiently transfected with BMPRII-
Flag full length (FL) or BMPRII JBR-AB were subjected to anti-
Flag immunoprecipitation, and endogenous JNK was visualized by
immunoblotting with anti-JNK1,2 antibody. The levels of total JNK
and BMPRII protein levels were detected by immunoblotting.
(B) N1E115 cell lysates were incubated with bacterially expressed GST
fusion proteins encoding GST alone, BMPRII full length (FL), or
BMPRII JBR-AB, and the association of endogenous phosphory-
lated or total JNK was detected by immunoblotting. Levels of GST
fusion proteins were confirmed by Coomassie blue staining (bottom).
(C) JNK interacts with the BMP receptor complex. Cell lysates from
COS-1 cells transfected with Flag-JNK2, BMPRII-HA, and ALK2-
RLuc, were subjected to anti-Flag immunoprecipitation, and associ-
ated ALK2-RLuc was detected by measuring the luciferase activity.
The data were corrected to total ALK2-RLuc levels measured from
total cell lysates. Total expression of Flag- and HA-tagged proteins was
determined by immunoblotting as indicated.
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tempting to speculate that by binding multiple actin and
microtubule cytoskeleton regulators and components, such
as LIMK1, JNK, and Tctex-1, BMPRII might act as a scaf-
fold to both spatially restrict and coordinate remodeling of
the neuronal actin and microtubule cytoskeleton during
neurite outgrowth. Since BMPRII transduces BMP signals,
our results indicate that this scaffolding function provides an
efficient means for extracellular cues, such as BMPs, to
control the timing of neurite outgrowth and dendritogen-
esis.
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